Background: Elevated serum uric acid (UA) levels are associated with adverse outcomes in ST-segment elevation myocardial infarction (STEMI) patients undergoing primary percutaneous coronary intervention (PCI). However, the relation between UA and acute kidney injury (AKI) in this population is unclear. We evaluated the effect of elevated UA levels on the risk to develop AKI among consecutive STEMI patients treated with primary PCI. Methods: We performed a retrospective analysis of 1,372 consecutive patients admitted with the diagnosis of STEMI between January 2008 and February 2015. Patients were stratified into quartiles according to UA levels as follows: quartile 1, <4.7 mg/dl; quartile 2, 4.8 to <5.6 mg/dl; quartile 3, 5.7 to <6.6 mg/dl, and quartile 4, >6.7 mg/dl. Results: STEMI patients with elevated UA levels had a higher frequency of AKI (4 vs. 6% vs. 10 vs. 24%; p < 0.001). In a subgroup analysis of patients with reduced baseline estimated glomerular filtration rate ( ≤ 60 ml/min/1.73 m 2 ), an elevated UA level was associated with a significant risk to develop AKI, with 46% of patients developing AKI in the highest UA quartile. In a multivariate logistic regression model, for every 1-mg/dl increase in the UA concentration, the adjusted risk for AKI increased by 46% (OR = 1.46, 95% CI 1.18-1.66; p < 0.001). Conclusions: Among STEMI patients undergoing primary PCI, elevated UA levels are an independent predictor of AKI.
Introduction
Acute kidney injury (AKI) frequently complicates the course of patients presenting with ST-segment elevation myocardial infarction (STEMI) who undergo primary percutaneous coronary intervention (PCI), and is associated with adverse short-and long-term outcomes [1] [2] [3] [4] . The levels of serum uric acid (UA), the end product of purine catabolism, have been shown to correlate with the risk for chronic kidney and ischemic heart diseases [5] [6] [7] [8] [9] . Elevated serum UA levels were also associated with increased short-and long-term mortality among myocardial infarction patients [10] [11] [12] [13] . Previous studies have shown that elevated UA levels increase the risk of AKI in patients undergoing cardiac surgery [14, 15] and nonemergent PCI [16] . To our knowledge, there are no previous reports of the effect of UA levels on AKI in STEMI patients undergoing primary PCI, in whom preprocedural preparatory measures to reduce AKI are often underutilized due to the need for emergent reperfusion therapy. In the present study, we evaluated the association of serum UA levels with the occurrence of AKI in a large cohort of consecutive STEMI patients treated with primary PCI.
Materials and Methods
We performed a retrospective, single-center observational study at the Tel Aviv Medical Center, a tertiary referral hospital with a 24/7 primary PCI service. We included 1,746 consecutive patients admitted between January 2008 and February 2015 to the Cardiac Intensive Care Unit with the diagnosis of acute STEMI. Patients who were treated either conservatively or by thrombolysis were excluded (n = 28), as were 63 patients whose final diagnosis on discharge was other than STEMI (e.g. myocarditis or Takotsubo cardiomyopathy). We also excluded patients who died within 24 h of admission (n = 16), since we presumed that there was insufficient time for AKI to occur, as well as patients requiring chronic peritoneal dialysis or hemodialysis treatment (n = 4). Finally, 263 patients without information regarding serum UA levels were also excluded from the analysis. The final study population included 1,372 patients whose baseline demographics, cardiovascular history, clinical risk factors, treatment characteristics and laboratory results were all retrieved from the hospital electronic medical records. The diagnosis of STEMI was established in accordance to published guidelines including a typical chest pain history, diagnostic electrocardiographic changes, and serial elevation of cardiac biomarkers [17] . The study protocol was approved by the local institutional ethics committee with a waiver of informed consent. Primary PCI was performed on patients with symptoms lasting for ≤ 12 h as well as in patients with symptoms lasting for 12-24 h if the symptoms persisted at the time of admission. Following coronary interventional procedures, physiologic (0.9%) saline was given intravenously at a rate of 1 ml/kg/h for 12 h after contrast exposure. In patients with overt heart failure, the hydration rate was reduced at the discretion of the attending physician. The contrast medium used in the procedures was iodixanol (Visipaque; GE Healthcare, Ireland) or iohexol (Omnipaque; GE Healthcare, Ireland) Left ventricular ejection fraction was assessed in all patients within the first 48 h of admission. Heart failure was defined as clinical or radiographic evidence of pulmonary congestion. Serum UA was collected immediately following PCI and determined by an enzymatic method using a Siemens reagent kit on a Siemens Advia 1650 instrument [18] . The serum creatinine (sCr) level was determined upon hospital admission, prior to primary PCI, and at least once a day during the Cardiac Intensive Care Unit stay and was available for all analyzed patients. The estimated glomerular filtration rate (eGFR) was estimated using the abbreviated Modification of Diet in Renal Disease equation [19] . Baseline renal insufficiency was categorized as an admission eGFR of ≤ 60 ml/min/1.73 m 2 [19] . AKI was determined using the AKI network criteria [20] , and defined as a rise in sCr >0.3 mg/dl, compared with the admission sCr.
All data were summarized and displayed as mean ± standard deviation for continuous variables and as number (percentage) of patients in each group for categorical variables. p values for categorical variables were calculated with the χ 2 test. Continuous variables were compared using the independent sample t test. The identification of the independent predictors of AKI was assessed by the logistic regression model using ENTER mode, adjusted for age, gender, diabetes mellitus, hypertension, eGFR, heart failure, left ventricular ejection fraction and serum UA levels. A two-tailed p value of <0.05 was considered significant for all analyses. All analyses were performed with the SPSS software (SPSS Inc., Chicago, Ill., USA).
Results
The study population included 1,372 patients (mean age 61 ± 13 years, 81% males). Quartiles of UA concentrations were as follows: quartile 1, <4.7 mg/dl; quartile 2, 4.8 to <5.6 mg/dl; quartile 3, 5.7 to <6.6 mg/dl, and quartile 4, >6.7 mg/dl. The baseline characteristics of patients according to UA quartiles are presented in table 1 . Patients with higher UA levels were more likely to be older, of male gender, hypertensive, more likely to develop heart failure throughout hospitalization, and to have a lower left ventricular ejection fraction. Values are mean ± standard deviation or n (%). CAD = Coronary artery disease; MI = myocardial infarction; CRP = C-reactive protein; CPK = creatine phosphokinase; LV = left ventricle. Following primary PCI, AKI occurred in 153 (11%) patients. Table 2 compares the occurrence of AKI and sCr changes between the UA levels. Patients having elevated UA levels had more AKI, complicating the course of STEMI (4 vs. 6% vs. 10 vs. 24%; p < 0.001). Two patients required renal replacement therapy; both had UA levels in the upper quartile. No significant difference was present between groups regarding the amount of contrast volume delivered during PCI. In subgroup analysis, the incidence of AKI was found to be related to baseline eGFR in all UA quartiles, with increased AKI incidence among patients with lower baseline eGFR. Among the 302 patients with baseline eGFR ≤ 60 ml/min/1.73 m 2 , the incidence of AKI demonstrated a graded increase between the UA quartiles (10 vs. 13% vs. 22 vs. 46%; p < 0.001; fig. 1 ). Among the 1,070 patients with baseline eGFR >60 ml/min/1.73 m 2 , those in the upper UA quartile demonstrated a significant increase in the incidence of AKI compared with the lower 3 quartiles (4 vs. 5% vs. 6 vs. 16%; p = 0.001; fig. 1 ). In a multivariate logistic regression model, the risk for AKI increased by 46% for every 1-mg/dl increase in UA (OR = 1.46, 95% CI 1.18-1.66; p < 0.001). Other predictors for AKI included hypertension, eGFR ≤ 60 ml/min/1.73 m 2 , left ventricular ejection fraction, and heart failure ( table 3 ) .
Discussion
In the current study, we have investigated the association of serum UA levels with the occurrence of AKI in a large cohort of consecutive STEMI patients undergoing primary PCI. For every 1-mg/dl increase in UA level, the adjusted risk for AKI was increased by 46%. Subgroup analysis demonstrated that patients with reduced baseline eGFR ( ≤ 60 ml/min/ 1.73 m 2 ) and elevated UA levels had the highest risk to develop AKI, reaching an incidence of 46% in the highest quartile.
Several reports demonstrated that among patients with myocardial infarction, serum UA levels correlated closely with in-hospital complications and predicted the development of congestive heart failure as well as short-and long-term mortality [10] [11] [12] [13] . The impact relation of UA on adverse outcomes in these patients was present in all degrees of renal dysfunction including patients who developed contrast-induced nephropathy [13] . These observations were related to both the association of UA with adverse cardiovascular risk profile as well as to direct pro-oxidant [21] and pro-inflammatory actions [22] . An elevated serum UA level has been reported to be an independent risk factor for the development of chronic kidney disease [7] [8] [9] ; however, limited data is available regarding its relation to AKI. Recent data suggested that elevated UA levels increase the risk of AKI in patients undergoing cardiac surgery [14, 15] . A report by Park et al. [16] demonstrated that among patients undergoing PCI, those with AKI had higher UA levels, and that UA was independently associated with the risk for AKI. Nonetheless, in that cohort, only a minority of patients had myocardial infarction with emergency PCI, and the incidence of AKI was significantly reduced, compared to the rate that we demonstrated in our cohort (4 vs. 11%).
There are several possible explanations for the effect of UA on the development of AKI. Hyperuricemia inhibits the nitric oxide system in the kidneys and increases endothelin-1 concentrations, resulting in loss of renal blood flow autoregulation, renal vasoconstriction and reduced medullary blood flow [23, 24] . Hyperuricemia was also shown to stimulate the expression of C-reactive protein [25] and induce the infiltration of inflammatory cells into the renal parenchyma with resultant tissue injury [22, 25] .
We have recently suggested that the mechanism of AKI in STEMI seems to be associated with an acute hemodynamic instability [26] , resulting in decreased renal perfusion. Elevated UA levels may thus form a synergistic effect, further reducing renal perfusion, exacerbating ischemia/reperfusion injury, further aggravating the ischemic insult to the kidney, with the result of greater susceptibility to AKI. Indeed, the finding of no significant difference in the amount of contrast material used among those with and without AKI in our cohort further implicates the importance of UA in this setting.
Our study carries important clinical implications. As the treatment of post-PCI AKI is rather limited and hydration prior to primary PCI is rarely performed, the main strategy is identification of those at risk to develop this complication.
The addition of simple and early measurements of serum UA to other established clinical risk factors may be useful for early identification of those at high risk for post-PCI AKI (e.g. those with a baseline eGFR ≤ 60 ml/min/1.73 m 2 ), warranting more frequent monitoring of urinary output, which has been shown to enable earlier detection of renal function impairment [27] . Previous studies have demonstrated improvement of endothelial function in patients with hyperuricemia and heart failure or diabetes who received allopurinol [28] . Since allopurinol treatment is associated with severe hypersensitivity reactions, there is no sufficient evidence to support treatment of asymptomatic hyperuricemia with this drug. In addition, a recent report has shown that lowering serum UA levels with rasburicase provides no benefit to postoperative sCr in hyperuricemic subjects undergoing cardiac surgery [29] . It is thus not clear whether an elevated UA level contributes per se to renal injury or is simply a marker for increased AKI risk.
We acknowledge several important limitations of our study. First, this was a single-center retrospective and nonrandomized observational study, and may have been subject to bias. Patients with higher UA levels had other comorbid conditions (i.e. hypertension and decreased ejection fraction) associated with impaired vascular/renal perfusion, which may have led to worsening of renal function on contrast exposure. Nevertheless, we attempted to adjust for these confounding factors using the multivariate regression model. Second, information regarding the amount of contrast material used was available in only 418 patients. We showed, however, that in those patients, no significant changes were found regarding contrast volume between the different UA quartiles. The definition of AKI network criteria refers to sCr change within a time frame of 48 h [20] . As the change in sCr can lag beyond this period due to delayed effects of contrast material and drugs [2] [3] [4] , worsening of renal function might have occurred following hospital discharge in some patients, thus the true incidence of AKI described in our study may have been underestimated.
No information was present regarding failed PCI, which might have affected the occurrence of acute heart failure. Patients with elevated serum UA levels were more likely to have hypertension and may have been subjected to prior treatment with diuretics. Since no information was available on the use of diuretics prior to admission, their possible effect on UA levels could not been assessed. Finally, since no information about allopurinol treatment was available, the impact of this drug on the risk of AKI could not have been assessed.
In conclusion, among STEMI patients undergoing primary PCI, serum UA levels were found to be associated with a higher rate of AKI. It appears that patients with both preexisting moderate renal insufficiency (eGFR ≤ 60 ml/min/1.73 m 2 ) and hyperuricemia are at the highest risk for developing AKI.
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